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Abstract -As the number of power electronics based systems are 
increasing, studies about overall stability and harmonic problems 
are rising. In order to analyze harmonics and stability, most 
research is using an analysis method, which is based on the Linear 
Time Invariant (LTI) approach. However, this can be difficult in 
terms of complex multi-parallel connected systems, especially in the 
case of renewable energy, where possibilities for intermittent 
operation due to the weather conditions exist. Hence, it can bring 
many different operating points to the power converter, and the 
impedance characteristics can change compared to the 
conventional operation. In this paper, a Harmonic State Space 
modeling method, which is based on the Linear Time varying 
theory, is used to analyze different operating points of the parallel 
connected converters. The analyzed results show that the HSS 
modeling approach explicitly can demonstrate other phenomenon, 
which can not be found in the conventional LTI approach. The 
theoretical modeling and analysis are verified by means of 
simulations and experiments. 
Keywords—Harmonic State Space Modeling, Multi-parallel 
connected inverter, Harmonic instability, power converters, 
renewable energies 
I.  INTRODUCTION 
The paradigm for harmonic and stability analysis of power 
converter is now changing from a single power converter to 
multi-connected power converters, as the number of 
renewable energy and power electronics based systems [2] are 
increasing. Hence, it is required to find proper modeling and 
analysis methods because of the complexity of the power 
converter and system network. Conventionally, Linear Time 
Invariant (LTI) based models are used with the assumption 
that the switching frequency is high and the operating point is 
not changing. As a result, the analysis of the grid connected 
converters is performed based on the LTI-based state-space 
model [3, 4]. Besides various kind of models are used in order 
to detect faults in the system [5, 6]. [7] The generalized 
averaging [8], and the harmonic linearization methods [9] are 
proposed to map the limitations of the LTI model.  
However, the stability and harmonic analysis are mainly 
done by studying at a single frequency and there are no 
methods to explain the dynamic and steady-state coupling 
between the AC dynamics and the DC dynamics of the power 
electronics systems. Practically the operating point of the 
power converter is also changing continuously. One example 
is that the wind power converters in a wind farm which have 
experienced such phenomenon due to the wake effect of the 
wind, different operating point of each converter and 
disconnection happened by the protection [10]. This practical 
operation is still uncertain in power converter analysis [11] 
because of these characteristics. Furthermore, such 
phenomenon can make the harmonic and resonance analysis 
difficult. Hence, it is required to develop the advanced models, 
which can consider these varying operating points for a 
detailed study.  
To overcome this challenge and to show other harmonic 
impedance couplings in the system, the Harmonic State Space 
(HSS) modeling method [12] is introduced for power system 
studies. Based on the theory of Harmonic Domain (HD) [13], 
Extended Harmonic Domain (EHD) [14], and Harmonic 
Transfer Function (HTF) [15], the HSS modeling method is 
developed in order to analyze the harmonic coupling and 
stability with individual harmonic impedances. Before used in 
power system analysis, it has been able to determine 
mechanical resonances of wind turbine blades, blade analysis 
of helicopters and also structure resonance analysis of bridges 
to figure out the uncertain characteristics, which can not be 
found by the conventional LTI modeling approach [16, 17].  
This paper proposes a model for multi-parallel connected 
power converters using the HSS modeling method. First, the 
modelling procedure for single converters is explained briefly 
including a review of the HSS modeling. The important 
characteristics are that the harmonic impedance of the 
converter is varying according to the operating point. This 
characteristic is quite noticeable in the application of high-
power converter using low switching frequency. Second, the 
multi-parallel connected inverter modeling is implemented 
based on the results of single 3-phase converter and cable 
modeling. Furthermore, in order to enhance the validity of the 
modeling, a Cigre-Bench mark model for low voltage micro-
grid is used as a reference [1]. Next, the steady-state impedance 
coupling and dynamic impedance coupling characteristic 
between the converters are analyzed by means of the HD and 
the HTF modeling. The analyzed results are verified by time-
domain and the frequency domain simulations as well as 
experimental results.  
II. SYSTEM DESCRIPTION 
A Cigre benchmark model [1] is used as the principle 
reference network in order to increase the validity of the 
model. The block diagram of the LV network is shown in Fig. 
1, where five power electronics converters are considered as 
the renewable energy sources and PI-section models are used 
the LV cable models between the converters and the feeder. 
Additionally, the impedances of circuit breaker and contactor 
are not taken into account in the model. Even though the 
converters (A~E) in Fig 1-(a) are defined as specific 
renewable energy sources, the various combinations are also 
possible according to the conditions.  The detailed information 
about the filter parameters and switching frequencies are 
shown in Table I, where the LCL circuit is considered as the 
filter for the connection of the power converter to the grid. 
The more detailed parameters for the low pass filter 
(Hଵሺݏሻ, ܪଶሺݏሻ) in Fig. 1-(a), the PI controller (PIሺsሻ) and the 
Proportional Resonant Controller (PRሺsሻ ) are described in 
Section III. 
III. HSS MODELING AND ANALYSIS OF MULTI-PARALLEL 
CONNECTED CONVERTER 
A. Review of HSS modeling 
The HSS modeling method is originally introduced to 
include time varying points of a linearized model. The Linear 
Time Varying (LTV) model is practically a non-linear model 
because of the varying characteristic of  system parameters. 
Hence, it is difficult to be solved at a specific operating point 
as like the Linear Time Invariant  (LTI) model. However, if all 
signals are assumed to be varying periodically, it is possible to 
linearize by means of Fourier series [16]. Based on these 
assumption and definitions, the HSS model can have a format 
as given in (1), where  X୬ is the harmonic state matrix, Y୬ is 
the output harmonic matrix, U୫ is the input harmonic matrix 
and A୬ି୫ is the harmonic state transition matrix driven from 
the LTP theory [17]. B୬ି୫, ܥ௡ି௠, ܦ௡ି௠ are also a harmonic 
state matrix analogously, which is dependent on the number of 
input and output. The matrix size is dependent on the number 
of harmonics considered in the HSS modeling procedure. In 
this paper, “+40th ~-40th” harmonic are considered in order to 
see the harmonic coupling of the 40th harmonic, where this is 
based on the assumption that the harmonics above 2 kHz are 
out of interest because of control bandwidth and also the 
inherent damping of micro-low voltage grid. 
ሺs ൅ jmω଴ሻX୬ ൌ ∑ ܣ௡ି௠ܺ௠ ൅ஶିஶ ∑ ܤ௡ି௠ܷ௠ஶିஶ                  (1)	
                    ௡ܻ ൌ ∑ ܥ௡ି௠ܺ௠ ൅ ∑ ܦ௡ି௠ܷ௠ஶିஶஶିஶ                                     
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Fig. 1. Cigre benchmark model for the low voltage μ-grid [1] 
(a) Block diagram for the grid connected converter model 
(Converter A~E) (b) Single line diagram of LV micro-grid 
network model 
Table I. System parameter for benchmark model (see Fig. 1) 
Conv. A B C D E 
Prate 35 kVA 25kVA 3kW 4kW 10kW 
Lf (mH) 0.87 1.2 5.1 3.8 0.8 
RLf (mΩ) 11.4 15.7 66.8 49.7 10 
Cf (uF) 22 15 2 3 15 
RCf (mΩ) 7.5 11 21.5 14.5 11 
Lg (mH) 0.22 0.3 1.7 1.3 0.2 
RLg (mΩ) 2.9 3.9 22.3 17 2.5 
Vdc (V) 750 750 750 750 750 
Cdc (uF) 1000 1000 500 500 800 
Rdc (Ω) 10 10 10 10 10 
fsw (kHz) 10 10 16 16 10 
 
 
Fig 2. A single 3-phase PWM converter (topology) using HSS 
modeling. 
B. 3-phase grid connected converter 
Based on (1), a 3-phase grid connected PWM converter is 
modeled, where the detailed procedure for controller is 
modeled according to the procedure described in [18]. The 
modeling results are shown in (2) - (4), where, “I” means the 
identity matrix, “Z” is the zero matrix and “N” is the dynamic 
matrix, which is derived from (1). The time domain switching 
function is reorganized into a Toeplitz (Γ) [19] matrix in order 
to perform a convolution by means of the method described in 
Fig. 2. The small letter in Fig. 1-(a) means the time domain 
signal. The capital letters in Fig. 2 and (2) stand for the 
harmonic coefficient component, which is derived from the 
Fourier series. The final block diagram of the 3-phase grid 
connected PWM converter is shown in Fig. 2.  
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The harmonic coefficient vector from PCC 
(V௣௖௖஺஻஼ଵሺି௛…௛ሻ) is transferred into the LCL-filter side using 
the harmonic transfer function. The calculated harmonic 
vector of the converter side filter current (ܫ௙஺஻஼ଵሺି௛…௛ሻ ) is 
transferred into the dc-side harmonic transfer function through 
a linearized switching harmonic vector ( ΓሾSWሿ ). The 
summation of each phase current ( I୥_୅୆େଵሺି୦…୦ሻ ) is a dc 
current harmonic vector (Iୢୡଵሺି୦…୦ሻ), where this is convoluted 
with the dc network harmonic vector (Cୢୡ) in order to get a dc 
voltage harmonic vector ( ܸୢ ୡଵሺି୦…୦ሻ ). The results are then 
convoluted again with the switching harmonic vector (ΓሾSWሿ) 
in order to obtain the harmonic vector of the inverter side 
voltage ( ୧ܸ୬୴୅୆େଵሺି୦…୦ሻ).  The derived harmonic vector of the 
converter side voltage is transferred to the LCL - filter side 
harmonic transfer function, repetitively, in order to get the 
response of each harmonic vector. 
D. Low voltage cable  
In order to consider the interaction from the cables, this is 
also modeled. Instead of using a simple inductance or 
resistance model, a PI-section model is used dependent on the 
length. The derived result is shown in Fig. 3, where the HSS 
modeling theory (1) is used to include the harmonics in the 
model. The G୔୍, ܥ௉ூ, ܮ௉ூ, ܴ௉ூ  are conductance, capacitance, 
inductance and resistance of the PI-section cable model, 
respectively. However, the conductance is not taken into 
account of the parameters and the capacitance is determined 
by an assumed value. As a result, the cable model for 1-phase 
can be obtained as given by Fig. 3, (3). In addition, the 
acronyms and subscripts used in (3) have also same meaning 
as with (2). The obtained cable model is combined with the 
other converters as shown in Fig. 1. (C1 - C9). 
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The developed HSS model for the cable can also be used 
for the other phases. The used cable data are as follows [20]: 
 Current Rating : 200A 
 Cable Type : 3-Conductor A1-PVC 185mm2 
 Resistance : 0.152 mΩ/meter 
 Inductance : 0.237 uH/meter 
 Capacitance : 2 pF/meter (assumed) 
 Cable length : 100 m (C1~C9) (assumed ) 
IV. SIMULATION AND EXPERIMENTAL RESULTS 
To validate the modeling and analysis results of parallel 
converters, MATLAB and PLECS are used for the time and 
frequency domain simulations to be used for two different 
assessment methods. Laboratory tests are also performed in an 
experimental set-up, where three 3-phase frequency converters 
are used as the PWM converters. The control algorithms are 
implemented in a DS1007 dSPACE system without harmonic 
 
 
Fig 3. PI section model for 1-phase cable.  
compensator in order to see the harmonic components. The 
model of grid is used to see the harmonic performance. 
A. Simulation from the HTF (Harmonic Transfer Function) 
Describing both the steady-state and dynamic harmonic 
coupling is possible by means of the modeling method from 
(1), where it can be converted into the harmonic transfer 
function (H୩ሺݏሻሻ format for each harmonic component (k) by 
using (4).  
H୩ሺݏሻ ൌ ∑ ܥመ௞ି௟ ቀሺݏ ൅ ݆݈߱଴ሻܫ െ ܣመቁ
ିଵ ܤ෠௟ ൅ ܦ௞௟        (4) 
where, ܤ෠௞ , C෠௞ , and D୩ , are the Fourier coefficients of the 
periodic functions ܤ෠ሺݐሻ,  ܥመሺݐሻ, and Dሺtሻ, respectively.  At this 
point, Hሺsሻ is a doubly infinite matrix, where this defines the 
coupling between different frequencies. When “s” is equal to 
“0”, it can show the steady state harmonic coupling. When s is 
non-zero, it can explain the dynamic interaction between the 
coupled harmonic transfer functions. Hence, this is enough to 
show the stability and impedance coupling in the system [17].  
Based on (4), a mapping example for the steady state 
harmonic coupling between 5 parallel converters is shown in 
Fig 4, where each dot (•) means the harmonic impedance and 
the Jacobian values of each harmonic impedances. Due to the 
visibility of the coupling map, only the 5th harmonic is 
considered in this mapping. However, the number of 
harmonics can be increased according to the harmonics of 
interest. The mapping for the harmonics coupling show 
intuitively how the input grid voltage harmonics are coupled 
with the output harmonics through the harmonics impedance. 
The minus (-) and plus (+) harmonics in the harmonic vector 
are the complex conjugates, which also composed to the 
positive, negative and zero sequence. Hence, if the-3 phase 
system is in the balanced, the output harmonics are also 
balanced. As the harmonic impedance can be canceled out due 
to the conjugate characteristics, even if there are harmonics 
impedance in the map. However, in the case of the unbalanced 
parameters, the harmonic impedance of the positive, negative 
and zero sequence can not be canceled out. Therefore, the 
results of the output harmonics can have harmonics, which are 
driven by unbalanced parameters. The steady state results 
from Fig. 4 are shown in Fig. 6 where the harmonics are 
generated due to the relation in the harmonic coupling seen in 
Fig. 4. 
To decide the dynamic characteristic of each harmonics, 
the harmonic transfer functions of 5 parallel converters are 
shown in Fig 5, where the results are obtained by using (4).  
The converters (1-5) have different harmonic transfer 
functions according to the system parameter given by Table I. 
The characteristic of the harmonic transfer functions is also 
different due to the load variations as shown in Fig 5-(c), (d). 
In 50 Hz~100 Hz (red circle), the characteristic of the transfer 
function is changed, which affects the transient status of the dc 
circuit and the grid voltage. As a result, this characteristic 
shows a difference with the LTI model, where the transfer 
function derived from the LTI model does not care about both 
the input information and the dc side circuit. Furthermore, it 
can be found that the dynamics of each phase are also different 
in 50 Hz ~100 Hz (red-circle) as shown in Fig. 5-(a), (b), 
which shows that the impedance characteristic driven by the 
LTI model can not cover these differences. 
Based on the steady-state harmonic impedance and the 
dynamic harmonic transfer function as given by Fig. 4 and Fig. 
5, the dynamic performance of the grid current, dc voltage and 
dc current are evaluated. By using the harmonic vector of the 
grid voltage and dc reference as the input, the output current - 
harmonic vectors of 5 parallel converters can be obtained from 
the harmonic transfer function. The calculated harmonics 
vector can be transformed into the time domain data by means 
of a phasor rotation. The simulated results are shown in Fig. 8, 
where the 3-phase grid current of the 5 parallel converters and 
the dc-voltage / current of the 5 parallel converters are 
evaluated according to the parameters given in Table I. In Fig. 
6, the steady-state waveforms from 0.4 sec to 0.5 sec are the 
same as the results, which are derived from the harmonic 
coupling map (harmonic domain) in Fig. 4. However, the 
dynamic transients at 0.5 sec are derived from the harmonic 
transfer function in Fig. 5. Therefore, the dc voltage, current 
and grid current show the different dynamics in Fig. 6 
according to the different harmonic transfer function in Fig. 5, 
where the harmonic transfer function can be changed as shown 
in Fig. 5-(c) and Fig. 5-(d). As a result, the updated harmonic 
transfer function shows exactly the same time-domain results 
as shown in Fig. 6. 
B. Experimental validation 
An experimental set-up for the validation of the proposed 
model is shown in Fig. 7 where 3 parallel grid connected 
converters are used to compare the results. However, the 
cables are not considered in the experiment. The interface 
between the hardware and controller is that signals (yellow 
line) are sensed and sampled by dSPACE. Then, by using the 
control algorithm given in Fig. 1 and the sampled signals, 
which are implemented in the Control Desk of the dSPACE, 
the PWM signals (red-line) for 3 converters can be generated. 
The data exchange (green-line) between Control Desk and the 
dSPACE are done by a LAN cable.  
Even though a direct method to measure the impedance is 
to use a perturbation and observe the response in order to 
verify the model, the impedance is not directly measured in 
this paper. Due to the difficulties in measuring the multiple 
impedances, the proposed model (2) - (4) is verified by using 
the measured signals only. The test sequence is as follows: 
1. The 3-converter should operate at steady state in order 
to obtain the periodic signals. 
2. The grid current (ig), the converter side current (if), the 
voltage of the filter capacitor (vf), and the state of the 
controller etc., can be obtained by using the recording 
function in dSPACE.  
3. The obtained steady state signals should be converted to 
the Fourier coefficient by using the Discrete Fourier 
Transform (DFT) in order to get the previous state and the 
nominal values of the converter model. It is noted that the 
synchronization is important in the measurement in order 
to acquire an accurate verification. 
4.  The calculated Fourier coefficients can be the previous 
state values and the nominal values of the developed HSS 
models. Hence, based on the measured Fourier coefficients, 
the time-varying output harmonic coefficient can be 
obtained from the HSS model.  
5. The final Fourier coefficient can be transformed into the 
time-domain signals by rotating the signals with the 
specific frequency. 
6. The calculated response from the HSS model and the 
measured results from the oscilloscope can be compared 
for validation. 
According to the described procedure, the calculated and 
experimental results are compared, where the detailed 
parameters for a 1 kW power rating is shown in Fig. 8. The 
measured signals from the dSPACE recording function can be 
transformed into a DFT format. By inserting these harmonic 
vectors into the developed harmonic transfer function as the 
nominal system value, the output harmonic vector of the 
current can be obtained. As a result, the final waveforms are 
compared with PLECS and the experimental results are as 
shown in Fig. 8. Even though small errors can be found at the 
even harmonics, the other characteristic harmonics coming 
from the modulation are well seen in the experimental results. 
V. CONCLUSION 
This paper analyzes the harmonic coupling in multiple 
parallel connected converter systems by using an HSS 
modeling approach. The modeling and simulation results show 
how important harmonics below the 20th order are generated in 
each converter. The modeling can also explain how the output 
current harmonics of each converter is coupled to each other 
with other paralleled connected converters. Furthermore, this 
model can explain that the dynamic performance dependent on 
the dc-operating point is not only one to explain the complex 
parallel system, where there is another possibility due to the 
dominant harmonic impedance at specific frequency. The 
results show that the responses of each harmonic have 
different characteristic which is not seen in the classical 
model. The multiple transfer functions, which consider the 
varying operating point, can be used for the analysis of the 
harmonic coupling in a large network. e.g. Cigre low voltage 
micro grid network model. 
 
 
Fig 4. Jacobian sparse matrix (Harmonic domain) from (12) for 5 grid converters, where X and Y axis is the harmonic vector (-5th ~ 5th ). 
(a) Harmonic coupling of grid voltage (V୪୧୬ୣି୅୆େ) to grid current (I୥ି୅୆େ), 
(b) Harmonics coupling of grid voltage (V୪୧୬ୣି୅୆େ) to dc voltage (Vୢୡ) and dc current (Iୢୡ) 
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Fig 8. Simulation and experimental results at 1kW Power rating 
using HSS modeling and PLECS 
Converter-1 : Lf = 3 mH, Lg = 1 mH, Cf = 4.7uF, Cdc = 450 uF, 
Vpcc(line-line) = 380 V, switching frequency = 10 kHz  
Converter-2 : Lf = 1.5 mH, Lg = 1.5 mH, Cf = 4.7uF, Cdc = 450 uF, 
Vpcc(line-line) = 380 V, switching frequency = 10 kHz  
Converter-3 : Lf =  0.7 mH, Lg = 0.3 mH, Cf = 4.7uF, Cdc = 450 uF, 
Vpcc(line-line) = 380 V, switching frequency = 10 kHz  
 - Grid side inductor current simulation (harmonic = -40th ~40th ) 
waveform (a) Experimental results (blue = grid side current 
(۷܏ۯିۯ), cyan= grid side current (۷܏۰ିۯ), purple = grid side current 
(۷܏۱ିۯ), green=grid voltage (ܞܘ܋܋ିۯ))  
(b) Simulation results (grid side current (۷܏ۯିۯ), grid side current 
(۷܏۰ିۯ), grid side current (۷܏۱ିۯ)) 
 
Fig 7. Experimental set up and the sequence for validation of the 
harmonic transfer function  
